This letter develops a method that is able to optimize the grating pivot position to obtain maximum continuous tuning range for a Littrow laser, and also verifies the method by implementation of a single-chip integrated laser using the microelectromechanical systems (MEMS) technology. The laser consists of a semiconductor gain chip, a microlens, and a MEMS blazed grating arranged in the Littrow configuration. The laser is integrated onto a single silicon chip while maintaining the ability of continuous tuning in a large range. It has a compact size of 2.0 mmϫ 1.5 mmϫ 0.6 mm, and has obtained a tuning range of 30.3 nm with a resolution of 0.03 nm/ V 2 , a maximum power of 0.4 dBm and a side mode suppression ratio of 26 dB. Other merits include fast tuning speed, improved mechanical/wavelength stability, batch fabrication, and low cost. 2-7 For mechanical convenience, a fixed pivot is preferred for the rotation of the grating. However, as will be discussed in the following, it seriously limits the continuous tuning range. A Doppler-shift method has been proposed to optimize the pivot position, 5 which regards the wavelength tuning as a result of Doppler shift. However, this method is not intuitive and meets the difficulty in explaining some simple phenomena.
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In addition to the tuning range, tuning speed and mechanical/wavelength stability are also critical to the TECL. Conventional TECLs have to employ complicated opto-mechanical structures to produce the required grating motion, resulting in bulky size, slow speed ͑ϳ0.5 s͒ and mechanical/wavelength instability. [2] [3] [4] [5] Microelectromechanical systems (MEMS) technology has been proven promising in miniaturizing the tunable lasers and improving their performance. [6] [7] [8] [9] [10] Recently, Anthon et al. developed a TECL using a MEMS mirror, 6 and Lohmann et al. also investigated the feasibility of applying MEMS gratings to TECLs. 7 Favorable performance was obtained. Nevertheless, the MEMS parts were hybridly integrated with conventional optics. A better way is to integrate the MEMS mirrors/gratings and the gain chips onto a single chip (i.e., single-chip integration). It would have the benefits of minimized size, high mechanical stability, self-alignment, and reduced cost. Although integrated TECLs have already been reported, their wavelengths are not continuously tunable. [8] [9] [10] In this letter, a micromachined grating-tuned external cavity laser is presented. We first develop the theory for optimizing the grating pivot position, and then verify it with the MEMS integrated laser.
In a typical geometry of the TECL as shown in Fig. 1 , a blazed grating is arranged in a Littrow configuration relative to a laser gain chip (i.e., semiconductor optical amplifier). 5 A lens provides the optical coupling between them. The laser cavity resonance and the grating equation both place their requirements on the lasing wavelengths 3 as given by
where m and g represent the wavelengths determined by the laser cavity and the grating, respectively (subscript m for mode and g for grating); N 0 is the laser mode number, m 0 is the grating diffraction order, n 0 is the refractive index of the gain chip, d 0 is the length of the gain chip, p 0 is the grating period, is the rotation angle of the pivot arm about the pivot point (clockwise direction is positive), L͑͒ is the length of the external cavity in the free space (varies with ), and n l0 and t 0 are the refractive index and the thickness of the lens, respectively; ␦͑͒ includes all the group velocity dispersion arisen from the gain chip, the lens, and the other dispersive components (not including the grating); stands for the diffraction angle that changes with by the relationship of = − ␣ 0 , where ␣ 0 is the angle between the pivot arm and the grating surface. Variables with the subscript 0 indicate that their values do not change with .
To obtain a maximum mode-hop-free wavelength tuning, Fig. 2(b) . The microlens, the grating, and the comb drive are fabricated by the deep reactive ion etching on a silicon-on-insulator wafer. The Si structure has a depth of 75 m and is not doped. It is transparent to the infrared light around 1.55 m wavelength, making it a good material for the microlens. Expect for the microlens, all the other MEMS structures and their sidewall are coated with a 0.5-m-thick gold layer using a shadow mask. The gold layer provides electrical connections and also improves the reflectivity of the blazed grating. The microlens has a focus length of 179 m, which expands the laser beam in the horizontal direction from a beam diameter of about 3 to 106 m. The beam expansion is to cover more grating teeth and to better approximate the laser beam to the parallel light. The rotary comb drive has 40 pairs of fingers spaced by a gap of 2 m, and is pivoted at the center of a double-clamped beam. The comb drive provides a unidirectional pure rotation as measured to be ⌬ = 1.24
, where ⌬ is in units of degree, and V is the actuation voltage in volt.
As the microlens-grating system (i.e., grating+ lens) is the key component, its performance is studied in detail. The grating itself is first measured after being isolated from the die, followed by the characterization of the microlensgrating system. The far-field diffraction pattern of the grating is shown in Fig. 3(a) . The diffracted intensity is measured under a collimated laser beam illuminated from the designed initial angle (i.e., 45°). At this particular angle, the diffracted intensity reaches its maximum at about 1511 nm. The full width at half maximum (FWHM) bandwidth is about 5 nm. The peak wavelength would shift with the adjustment of the incident angle, but the diffracted intensity keeps fairly constant within a small angle range. To study the performance of the microlens-grating system, an antireflection-coated lensed fiber (focus spot size 3.5 m from Nanonics, Israel) is aligned to the designed position of the gain chip, and serves as both the input and output. The measured result is shown in Fig. 3(b) . When no voltage is applied to the comb drive, the spectrum centers at 1511.2 nm with a FWHM bandwidth of 3.8 nm. The peak is at least 15 dB higher than the sidelobes. As the voltage increases to 3.5 V, the center shifts to longer wavelength by about 0.5 nm. The peak reflectivity of the microlens-grating system is 5.3 dB higher than that of the SMF, corresponding to a value of 13.6%. It shows the microlens-grating system functions well.
The gain chip is a stripe guide multiple-quantum-well InGaAsP / InP device from DenseLight, Singapore (DL-CG5203A-00-005). It has a dimension of 250 m ϫ 300 m ϫ 100 m. The facet that faces the microlens is antireflection coated and has a residual reflectivity of 0.19% by measuring the amplified spontaneous emission spectra.
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At an injection current of 80 mA, the single pass gain is about 3.9 for the gain chip. The effective reflectivity of the microlens-grating system is initially estimated to be about 0.08-0.1. The various output spectra at different actuation voltages is shown in Fig. 4(a) . The output maintains single longitudinal mode over a wide range. The side-mode suppression ratio decreases from 26 to 12 dB with the increase of the wavelength. Further wavelength tuning will result in a multimode output arising from the other diffraction orders. The variation of the output wavelength and power is shown in Fig. 4(b) . The wavelength shifts linearly from 1510.9 to 1541.2 nm with the increase of the grating rotation angle. A tuning range of 30.3 nm is obtained, which is larger than half of the estimated range of 51.2 nm. It can be attributed to the neglected dispersive term ␦͑͒.
The tuning accuracy is about 0.03 nm/ V 2 . High tuning resolution can be obtained by fine adjustment of the actuation voltage. The wavelength repeatability and stability are measured to be about ±0.06 nm. The power has initially a maximum of 0.4 dBm and drops to −11.8 dBm at the end. It fluctuates at the first half of tuning range, which suggests that there is strong energy redistribution among the desired third order and the other diffraction orders during the grating rotation.
The light-current ͑L -I͒ curves of the laser under different actuation voltages are shown in Fig. 5(a) . The L -I curves shift to the right-bottom corner with the increase of the voltage. The threshold current rises from 21.9 to 24.7 mA while the external efficiency (slope of the L -I curve) drops from 0.019 to 0.009 mW/ mA as shown in Fig. 5(b) . This is due to the reduction of the effective diffraction efficiency when the grating rotation angle increases.
In conclusion, a miniaturized continuously tunable laser with optimized grating pivot design has been demonstrated. The optimum design brings in much larger continuous tuning range. The single-chip integration significantly reduces the size, increases the tuning speed, and improves the mechanical stability. The fine positioning ability of the micromachined actuator also provides better tuning resolution. However, the laser output power is limited by the quality of the grating and the microlens since the deep etching process is not easy to produce the desired profiles in the depth direction. Work is undertaken to fabricate them separately and then to assemble them by wafer bonding.
